Rubisco is responsible for the fixation of CO 2 into organic compounds through photosynthesis and thus has a great agronomic importance. It is well established that this enzyme suffers from a slow catalysis, and its low specificity results into photorespiration, which is considered as an energy waste for the plant. However, natural variations exist, and some Rubisco lineages, such as in C 4 plants, exhibit higher catalytic efficiencies coupled to lower specificities. These C 4 kinetics could have evolved as an adaptation to the higher CO 2 concentration present in C 4 photosynthetic cells. In this study, using phylogenetic analyses on a large data set of C 3 and C 4 monocots, we showed that the rbcL gene, which encodes the large subunit of Rubisco, evolved under positive selection in independent C 4 lineages. This confirms that selective pressures on Rubisco have been switched in C 4 plants by the high CO 2 environment prevailing in their photosynthetic cells. Eight rbcL codons evolving under positive selection in C 4 clades were involved in parallel changes among the 23 independent monocot C 4 lineages included in this study. These amino acids are potentially responsible for the C 4 kinetics, and their identification opens new roads for human-directed Rubisco engineering. The introgression of C 4 -like high-efficiency Rubisco would strongly enhance C 3 crop yields in the future CO 2 -enriched atmosphere.
Introduction
The key role played by Rubisco (ribulose-1,5-bisphosphate carboxylase) in most trophic chains, including human consumption, has made this enzyme the subject of extensive research (Spreitzer and Salvucci 2002; Portis and Parry 2007) . It is well established that this enzyme is inefficient under many conditions, to the extent that it has been called ''sluggish'' because its turnover rate, the maximum number of CO 2 molecules fixed per second, is very low (Tcherkez et al. 2006) . In order to counteract this low catalytic efficiency, plants have to overexpress this enzyme in photosynthetic cells. As a consequence, Rubisco represents, in some plants, about one-third of all soluble proteins and 20% of the total nitrogen is invested in Rubisco production (Evans and Poorter 2001) . The low catalytic efficiency of Rubisco probably corresponds to the evolutionary resolution of a trade-off between Rubisco efficiency and CO 2 specificity (Tcherkez et al. 2006 ). These two enzyme properties, in the case of Rubisco, are negatively correlated. Thus, an increased turnover rate implies a decrease of the CO 2 :O 2 relative affinity and consequently a higher O 2 fixation rate (Tcherkez et al. 2006) . This, in turn, results in photorespiration that can represent an unproductive energy sink for the plant (Ludwig and Canvin 1971; Monteith 1977; Douce and Heldt 2000) . During the early stages of Rubisco evolutionary history, which started some 2.9-2.7 billion years ago (Bya; Nisbet et al. 2007) , O 2 atmospheric concentrations were very low, and photorespiration was probably negligible. After the atmospheric O 2 increase (which started some 2.32 Bya; Bekker et al. 2004) , the photorespiration cost forced Rubisco to shift its trade-off toward higher specificity at the expense of catalytic efficiency (Tcherkez et al. 2006) . The trade-off optimum varies among photosynthetic organisms depending on the importance of photorespiration (Jordan and Ogren 1981; Brainbridge et al. 1995; Tcherkez et al. 2006) . For instance, with lowering temperature, Rubisco affinity for CO 2 increases faster than for O 2 (von Caemmerer and Quick 2000) , and the cost of photorespiration is reduced. As a consequence, plants from cooler habitats have a Rubisco with lower specificity and higher turnover rate than those of warm and dry habitats (Sage 2002; Galmés et al. 2005) . To decrease the photorespiration cost, some photosynthetic organisms developed CO 2 concentration mechanisms (CCM). By concentrating CO 2 around Rubisco, these mechanisms almost suppress photorespiration and enable higher Rubisco turnover rate (Tcherkez et al. 2006 ). The C 4 photosynthesis CCM is of great interest because it occurs in plant families that contain important crops. In particular, the grass family (Poaceae) includes major C 3 and C 4 cereals, such as rice, wheat, barley, maize, or sorghum.
In the C 4 pathway, the initial atmospheric CO 2 fixation is performed by phosphoenolpyruvate carboxylase, an enzyme with a high affinity for CO 2 . Four-carbon compounds, which result from this fixation in the mesophyll cells are then transported to the specialized bundle-sheath cells of C 4 plants where CO 2 is released in chloroplasts. Therein, CO 2 is fixed by Rubisco as in C 3 plants. The main difference is that CO 2 concentrations in C 4 bundle-sheath cells are up to 10-fold those found in C 3 plants (von Caemmerer and Furbank 2003) . This high CO 2 condition in leaves following C 4 evolution potentially decreased the adaptive value of a Rubisco with high CO 2 affinity as attested by the high K m of C 4 Rubisco for the CO 2 substrate (Yeoh et al. 1980 (Yeoh et al. , 1981 Hudson et al. 1990; Kubien et al. 2008;  fig. 1 ). The purifying selection on Rubisco sites that were important for maintenance of high CO 2 affinity could thus have been relaxed in C 4 plants, and the possibility of directional selection acting on an increased catalytic efficiency could have led to the increased turnover rate of C 4 Rubiscos (Seemann et al. 1984; Hudson et al. 1990; Sage 2002; Kubien et al. 2008;  fig. 1 ). This higher catalytic efficiency results in a 60-80% reduction of Rubisco abundance in C 4 plants (Long 1999) and thus a lower nitrogen requirement (Ghannoum et al. 2005) . Engineering of C 3 plants with C 4 more efficient Rubisco would potentially increase yield of C 3 crops, such as rice, wheat, or barley (Brainbridge et al. 1995; Parry et al. 2003 Parry et al. , 2007 Zhu et al. 2004; Long et al. 2006) . However, the determinants of Rubisco kinetic properties are not precisely known yet. The occurrence of Rubisco with high turnover rate in plant lineages that evolved the C 4 trait independently (Sage 2004; Christin et al. 2008 ) is of prime importance in this context as it will enable direct comparisons of C 3 and C 4 genes from species sharing long evolutionary history.
Rubisco of land plants and green algae is composed of eight large subunits, encoded by the plastid gene rbcL and eight small subunits encoded by a family of nuclear genes (rbcS [Spreitzer and Salvucci 2002] ). In crosses between C 3 and C 4 species from both Flaveria and Atriplex, the C 4 catalytic specificities of Rubisco were maternally inherited, demonstrating that genetic modifications conferring the characteristics of a C 4 Rubisco mostly lie in the plastid rbcL gene (Hudson et al. 1990 ).
This study aims at testing whether the evolution of C 4 photosynthesis switched the selective pressures on rbcL. C 4 -linked positive selection on this gene is tested using phylogenetic analyses of commelinoid monocots including all known major C 4 lineages in the Poaceae and Cyperaceae families (Sage 2004; Bruhl and Wilson 2007; Christin et al. 2008) . Sites that underwent adaptive changes in C 4 plants are identified and compared among C 4 lineages. This evolutionary analysis of Rubisco-encoding gene can shed new light on the putative genetic determinants of its kinetic variations.
Materials and Methods

Phylogenetic Analyses
Sequences used in this study come mainly from a data set covering the main commelinoid flowering plant lineages (monocots; Christin et al. 2008) , with an especially dense sampling on the Poaceae (grass family) that contains at least 17 independent C 4 lineages (Christin et al. 2008 ) and about 60% of C 4 plants (Sage 2004) . This data set is composed of rbcL and ndhF sequences, which are both plastid markers. It was completed by sequencing rbcL and ndhF genes from 100 members of the Cyperaceae (sedge family), which contains about 20% of C 4 plant species (Sage 2004 ; supplementary table 2, Supplementary Material online). The sampled species were chosen to represent the different Cyperaceae C 4 lineages as well as their C 3 relatives (based on Bruhl and Wilson [2007] ). The polymerase chain reaction amplification protocol from Christin et al. (2008) was used for both rbcL and ndhF, except that a new set of primers was developed to amplify ndhF genes of Cyperaceae in two overlapping segments (supplementary table 3, Supplementary Material online).
The final data set contained 338 species (supplementary table 2, Supplementary Material online). For 15 species, no data were available for rbcL, and for 3 species, no data were available for ndhF. A phylogenetic tree was obtained by Bayesian inference using MrBayes 3.1 (Ronquist and Huelsenbeck 2003) . The general timereversible nucleotide substitution model, with gamma shape parameter and proportion of invariant sites, was used after determining the best-fit model through hierarchical likelihood ratio tests (LRT). All model parameters were optimized independently for each data set. Two independent analyses, each with four parallel chains, were run for 10,000,000 generations sampling trees every 1,000 generations after a burn-in period of 3,000,000 generations.
Positive Selection Tests
Codon models were used to test for the presence of positive selection during the evolutionary history of rbcL. To avoid missing data, only species for which the rbcL sequence was complete between codons 10 and 456 (positions numbered following the complete sequence of Zea mays, NC_001666; the total sequences is 476 codons long) were considered for these analyses. This resulted in 240 rbcL sequences (supplementary table 2, Supplementary Material online). Grass C 4 lineages number 14 (represented by Leptocoryphium) and 5 (Eriachne genus) were absent from this data set. The species whose rbcL gene was not considered were manually pruned from the Bayesian phylogenetic tree inferred from all 338 species, which was then used as the reference topology for the codon model analyses.
Four different codon models were optimized using the codeml software in PAML version 4 (Yang 2007) , with F3Â4 empirical codon frequency estimates. This software Yeoh et al. (1980) and are all from grasses. (B) Specificity for CO 2 relative to O 2 (S C/O ). Data comes mainly from Kane et al. (1994) . Values for Atriplex glabriuscula (C 3 ), Sorghum bicolor (C 4 ), and Amaranthus hybridus (C 4 ) were added according to Tcherkez et al. (2006) . (C) Catalytic efficiency (K cat ). Values from Seemann et al. (1984) . The number of species for each category is indicated in brackets. To avoid differences due to experimental protocol variations, kinetic values were usually not mixed between different studies.
implements the codon substitution model of Yang et al. (1998) , a simplified version of the model of Goldman and Yang (1994) . The continuous-time Markov process uses a 61 Â 61 rate matrix (transitions from each codon to each other, excluding the three stop codons). Codon substitution rates are multiplied by a factor x if the encoded amino acid is changed (Yang and Bielawski 2000) . This x is the ratio of nonsynonymous mutations rate per synonymous mutations rate (d N /d S ratio). It represents the selective pressures, either neutral (x 5 1), purifying (x , 1), or positive (x . 1) selection. The first model, site model M1a, assumes that the selection pressures are the same on all branches of the phylogenetic tree . In this model, codons can evolve either under neutral selection or under purifying selection. The second model, model A, is a branch site model, which means that the selective pressure can vary not only among sites (similarly to model M1a) but also among branches of the phylogenetic tree (Yang and Nielsen 2002) . The logic behind this model is that positive selection concerns only some sites at some points of the evolutionary history, such as ecological or physiological transitions. It requires an a priori identification of the branches on which selective pressures are expected to differ (foreground branches). In our case, we tested whether positive selection could be detected along all branches inside the C 4 clades as defined in Christin et al. (2008) for the grasses and all branches inside monophyletic C 4 clades in Cyperaceae. Two monocots using the Crassulacean acid metabolism (CAM) are also present in the data set (Ananas comosus and Tillandsia bergeri). The CAM pathway also increases the CO 2 concentration in leaves (Lüttge 2004) , and for this reason, branches leading to these two species were also considered as foreground branches for the selection tests. Codons were then assigned to four selective pressure categories: 1) purifying selection, 2) neutral selection on the whole tree, 3) purifying selection on every branches except on foreground branches that experience positive selection, and 4) neutral selection on every branches except on foreground branches that experience positive selection. Posterior probabilities of belonging to the different classes were estimated by the Bayes empirical Bayes procedure ). The third model, model A#, is a particular case of model A where positive selection in foreground branches is replaced by neutral selection (Zhang et al. 2005) . Model M1a and A# are nested in model A, which is nested in model M1a. These three models can thus be compared through LRT. The fourth model M2a is a branch model with a proportion of codons evolving under positive selection in all branches of the phylogenetic tree. This model is similar to model M1a but implements a third category of sites with x . 1. Models M1a and M2 are nested and can be compared through LRT. However, LRT cannot be used to compare models M2a and A. These two models were thus compared using the Akaike information criterion (AIC).
The codons identified as evolving under positive selection in C 4 branches (in model A) with a posterior probability, estimated by the Bayes empirical Bayes procedure , greater than 0.95 were then compared among all the 323 rbcL sequences for which the encoded amino acid was known, even if the sequence was not included in selection tests.
Results
Phylogenetic Tree
The phylogenetic tree inferred from rbcL and ndhF plastid markers (supplementary fig. 1 , Supplementary Material online) was largely congruent with a phylogeny previously obtained with a smaller species sampling (Christin et al. 2008) . Recognized families were all monophyletic. In grasses, species clustered by subfamilies (as defined by Duvall et al. [2007] ) and formed 18 monophyletic C 4 clades, in subfamilies Aristidoideae (lineages 1 and 2), Chloridoideae (lineages 3 and 4), Micrairoideae (lineage 5), and Panicoideae (lineages 6-17). These were shown to correspond to 17 or 18 independent acquisitions of the C 4 trait (Christin et al. 2008 At least twenty-three independent C 4 lineages (in Cyperaceae and Poaceae) were thus represented in our data set.
Positive Selection Tests
The model allowing positive selection in branches inside the C 4 clades, but not in C 3 branches, was significantly better than the model with constant selective pressures across the phylogenetic tree (models M1a vs. A; chisquared 5 235, degrees of freedom [df] 5 2, P value , 0.0001) and the model assuming relaxed selection in C 4 branches (models A# vs. A; chi-squared 5 150, df 5 1, P value , 0.0001). In C 4 clades, the estimated ratio of nonsynonymous versus synonymous mutations on some rbcL codons was 5.65 (table 1), demonstrating that this gene evolved under strong positive selection in C 4 clades.
Eight codons were identified as evolving under positive selection in C 4 clades ( fig. 2) . The posterior probabilities of being under positive selection (calculated as the probability to belong to class 2a or 2b; table 1) were greater than 0.999 for all these sites (table 2), whereas they were below 0.2 for all the remaining rbcL codons ( fig. 2) . At the eight positively selected positions, the same amino acids recurrently appeared in independent C 4 lineages ( fig. 3 , supplementary fig. 1 and table 1, Supplementary Material online). For example, the codon at position 309 is a methionine in almost all considered C 3 monocots, whereas an The model assuming positive selection on all branches was also significantly better than the model without positive selection (models M1a vs. M2a; chi-squared 5 161, df 5 2, P value , 0.0001). Thus, models M2a and A both point to positive selection on rbcL but on all branches for M2a and on C 4 branches only for A. These two models have the same parameters number and are not nested, disabling comparison through LRT. However, the use of the AIC clearly points to a better fit of the A model (differences in AIC 5 73.42), demonstrating that positive selection only on C 4 branches better explains rbcL evolution. In the M2a model, nine sites were attributed to positive selection with a posterior probability greater than 0.95 (positions 91, 142, 145, 228, 251, 255, 265, 328, and 362; fig. 2 ; table 2). Of these, only three were also identified in branch site model A (sites 142, 145, and 328; table 2). Note that in A model, these were the sites belonging to class 2b, supposed to have evolved under relaxed selection in C 3 species and under positive selection in C 4 ones ( fig. 2 ).
Discussion
Selective Switch and C 4 Adaptive Mutations
We showed that selective pressures changed after the evolution of C 4 photosynthesis, an event that first occurred 25-32 MYA (Christin et al. 2008) . Some Rubisco sites that were under strong purifying or relaxed selection in C 3 ancestral species evolved under positive selection in C 4 plants (table 1; fig. 2 ). This result confirms that C 4 photosynthesis switched the optimal resolution of Rubisco specificityefficiency trade-off. The different catalytic properties of C 4 Rubisco demonstrated in different C 4 lineages (Yeoh et al. 1980 (Yeoh et al. , 1981 Seemann et al. 1984; Hudson et al. 1990; Sage 2002; Kubien et al. 2008;  fig. 1 ) are likely the consequence of mutations at those sites presenting higher rates of fixed nonsynonymous mutations (i.e., evolving under positive selection).
Other selective pressures could have driven Rubisco molecular evolution in non-C 4 plant lineages Filatov 2006, 2007) . For instance, C 3 plants exhibit different Rubisco catalytic properties following the mean temperature that they encounter, that is, C 3 plants from cooler habitats having a Rubisco with a higher turnover rate, like C 4 plants (Sage 2002) . Specificity factors of Rubiscos of C 3 plants also vary according to the environmental xericity, that is, C 3 plants from more arid habitats having a Rubisco with a higher CO 2 specificity (Galmés et al. 2005 ). This could explain the good fit of codon model implementing positive selection in all clades (already shown by Kapralov and Filatov [2007] ) as well as the occurrence of mutations supposed to lead to different catalytic properties in non-C 4 lineages ( fig. 3; supplementary fig. 1 fig. 1 and table 1, Supplementary Material  online) . At position 328, many C 3 species exhibit the C 4 -dominant serine residue (supplementary fig. 1 and table 1, Supplementary Material online). This suggests that these three sites are not directly linked to the C 4 pathway but could be involved in the more general adaptation of FIG. 2.-Selective pressures variation across sites of rbcL. The probability of assignment to the different codon classes, estimated by the Bayes empirical Bayes procedure , is presented for each rbcL site. Results of site model M2a are at the top, whereas those of branch site model A are at the bottom. Assignment to purifying selection in all branches is in pale yellow, to relaxed selection in all branches in orange, to positive selection in all branches in blue (specific to model M2a), to purifying selection in C 3 clades but positive selection in C 4 clades in red (class 2a of model A), and to neutral selection in C 3 clades but positive selection in C 4 clades in green (class 2b of model A). Detailed values for the different selection pressures are shown in table 1, and exact assignments are given in table 2. Positions of sites under positive selection in C 4 clades are numbered following Zea mays complete sequence, NC_001666. specificity and/or catalytic efficiency to the variations of environmental xericity and warmness (e.g., Sage 2002; Galmés et al. 2005 ). In the vicinity of site 328, the histidine 327 is involved in the catalytic site (Kellogg and Juliano 1997; Andersson 2008) . Residues 331-338, including active site residues 334 and 335, form the loop 6, whose conformation influences the CO 2 /O 2 specificity (Andersson 2008) . Mutation of site 328, by affecting the movement of loop 6, could alter the interaction with the six-carbon intermediates and thus change the CO 2 /O 2 specificity of the Rubisco.
Codons 101, 258, 270, 281, and 309 had a high probability of being under positive selection in C 4 clades (in branch site model A) but not in C 3 ones (in site model M2a). In addition, these five sites evolved under purifying selection in C 3 clades ( fig. 2) , where they underwent almost no changes ( fig. 3; supplementary fig. 1 and table 1, Supplementary Material online), strongly suggesting that amino acid replacements at these positions were specifically driven by selective switches toward higher catalytic efficiency that followed the evolution of the C 4 trait. These sites are thus excellent candidates for genetic engineering of Rubisco.
Out of the five codons that shifted from purifying to positive selection in C 4 plants, three positions (101, 258, and 309) exhibit the same residues in many C 4 plants, cyanobacteria, and anaerobic bacteria (organisms that all have Rubiscos with higher catalytic efficiency; Tcherkez et al. 2006) but not in C 3 monocots. At position 309, the replacement of the isoleucine (as in most C 4 plants; supplementary table 1, Supplementary Material online) by a methionine (present in all studied C 3 plants; supplementary table 1, Supplementary Material online) in the Synechococcus cyanobacterium had no apparent effect on the catalytic efficiency (Morell et al. 1972) , which indicates that this mutation is not responsible per se for the Rubisco kinetic variations. Mutation in the Rubisco of the green alga Chlamydomonas of site 258, in combination with sites 256 and 265, led to a decrease in both catalytic efficiency and CO 2 / O 2 specificity (Du et al. 2003) . However, when additional sites were mutated, kinetics typical of land plants Rubisco were obtained (Spreitzer et al. 2005) . Site 258, which participates to the interactions between the large subunit and the small subunit (Kellogg and Juliano 1997; Spreitzer et al. 2005) , could thus play a role in the determinism of Rubisco kinetics (Yu et al. 2005) . These Rubisco experimental mutations showed that the kinetic variations are not caused by single amino acid changes but the joint effects of different mutations (as seen in the case of Chlamydomonas mutants; Du et al. 2003; Spreitzer et al. 2005) . Similarly, the C 4 -specific amino acids highlighted in this study are found alone only in few species. This suggests that they could strongly interact with each other to cause the C 4 -specific Rubisco kinetics.
The exact effect of mutations on sites highlighted in this study as under C 4 -specific positive selection remains largely unknown. Rubisco has a very complex structure and minimal changes, even far from the catalytic sites, can strongly alter the kinetic properties (Spreitzer et al. 2005; Karhehabadi et al. 2007; Andersson 2008 ). The Convergence and Positive Selection on C 4 Rubisco 2365 recurrent and numerous appearances of the same residues in independent C 4 lineages highlight the evolutionary significance of these sites. Their effects have to be depicted through structural analyses, and these sites should be mutated, both alone and in combinations.
Genetic Convergence
The recurrence of some amino acid changes in independent C 4 lineages highlights the limited ways by which natural selection can act to improve a specific enzyme (Weinreich et al. 2006 ) and adds to other evidence for the occurrence of genetic convergences during evolution (Wood et al. 2005; Christin et al. 2007 ). After billions years of evolution, the largest part of the amino acids that compose an enzyme such as Rubisco has been optimized, and most of the potential amino acid changes are detrimental because of a reduction or suppression of enzyme function (Kellogg and Juliano 1997) . This accounts for 88% of Rubisco sites evolving under strong purifying selection, with 70-fold less amino acid replacements than expected by chance (table 1). The spectrum of amino acid mutations susceptible to improve an enzyme of a species facing a new environment, such as the CO 2 -rich bundlesheath cells of C 4 plants, is thus very limited. The C 4 -specific amino acids that we observe today thus represent the very low proportion of all the past mutations that were beneficial for C 4 plants and persisted through numerous generations.
Implications for Bioengineering
The repeated mutation of the same amino acids in independent C 4 lineages ( fig. 3 ) emphasizes the importance of these mutations for the C 4 -specific Rubisco kinetics. This is of greatest interest for the current attempts to improve C 3 crops yield through the introgression of C 4 characteristics (Long et al. 2006; Raines 2006; Hibberd et al. 2008) , efforts that particularly focus on the improvement of Rubisco (Parry et al. 2003 Zhu et al. 2004) . However, if the increase in catalytic efficiency induces a decrease in affinity of the CO 2 substrate, introgressing the C 4 Rubisco gene copy in C 3 plants would lead to higher photorespiration rates. Thus, in current atmospheric conditions, a Rubisco with C 4 characteristic would decrease C 3 plants yield instead of the desired improvement of C 3 crops productivity (Zhu et al. 2004 ). However, the predicted future increase of atmospheric CO 2 concentrations would drastically change the efficiency/specificity balance. Atmospheric CO 2 is predicted to reach 2-to 4-fold higher concentrations than in pre-Industrial climates within 50-100 years (Swart et al. 2002; IPCC 2007 ). In such a CO 2 -enriched atmosphere, photorespiration would decrease thanks to the higher CO 2 :O 2 ratio. A decreased Rubisco affinity for CO 2 would thus not hamper C 3 plants, enabling an increase of their yield through an improvement of Rubisco catalytic efficiency (Brainbridge et al. 1995; Zhu et al. 2004; Ainsworth et al. 2008) . Bioengineering of C 3 Rubisco based on our knowledge of C 4 rbcL changes appears as a promising alternative to the conversion of C 3 crops to C 4 photosynthesis (Long et al. 2006) . The comparative phylogenetic approach adopted here was powerful for identifying genetic adaptive changes that are shared between distant species facing the same environmental pressures. The convergent nature of C 4 photosynthesis provides natural replicates of enzyme adaptation under high CO 2 concentrations. The identification of key amino acids putatively responsible for the kinetics variation between C 3 crops and closely related C 4 species could be a first step on the road to human-directed improvement of plant species for the predicted future CO 2 -rich atmosphere.
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